Abstract. MicroRNAs (miRs) have been demonstrated to be important regulators of malignant behavior in nasopharyngeal carcinoma (NPC) tumorigenesis. The present study aimed to investigate the biological roles and underlying mechanisms of miR-379 in NPC. The study initially observed that miR-379 was significantly downregulated in NPC clinical tissues and cell lines using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Next, gain-of-function assays were performed on human the NPC cell lines, C666-1 and 5-8F, including MTT, colony formation and transwell migration assays. The results indicated that ectopic expression of miR-379 suppressed the NPC cell proliferation, colony formation, migration and invasion in vitro. In addition, tumor protein D52 (TPD52) was identified as a direct target of miR-379 by a dual-luciferase reporter assay, while overexpression of miR-379 markedly reduced TPD52 expression at the mRNA and protein levels, as determined by RT-qPCR and western blot analysis, respectively. Furthermore, silencing of TPD52 significantly inhibited the C666-1 cell proliferation, migration and invasion. These findings suggest that miR-379 negatively regulates the growth and migration of NPC cells by downregulating TPD52 expression, while modulation of miR-379 expression may be a therapeutic strategy for NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is an aggressive epithelial tumor associated with Epstein-Barr virus (1) . It is particularly prevalent in Southern China with an incidence of 25-30 cases per 100,000 individuals annually; however, NPC is rare in Western Europe and North America (2) . Although conventional treatment strategies with radiotherapy and chemotherapy improve the survival rate for localized NPC, patients with advanced metastatic tumors have a poor clinical outcome (3) . Therefore, understanding the molecular mechanisms underlying NPC tumorigenesis and progression would contribute to the development of novel therapeutic strategies.
MicroRNAs (miRs) are small endogenous non-coding RNAs (20-24 nucleotides in length) that function as posttranscriptional regulators by suppressing translation or cleaving mRNA targets in a complete or incomplete complementary manner (4) . A large body of evidence has suggested that miRs are often dysregulated in human malignancies, and exert oncogenic or tumor suppressor properties by regulating several cellular processes, including initiation, proliferation, invasion and apoptosis (5) . In human NPC, certain miRs have been reported to be abnormally upregulated or downregulated and involved in tumor progression, including miR-200a (6), miR-144 (7), miR-let-7 (8) and miR-216b (9) . For instance, miR-200a is frequently downregulated in NPC, while overexpression of miR-200a has an inhibitory role on oncogenesis (6) . miR-144 is aberrantly upregulated in NPC tissues and cell lines, and inhibition of miR-144 impedes proliferation, colony formation, invasiveness and tumorigenesis in nude mice (7) . Furthermore, miR-let-7 is downregulated in NPC cells, and overexpression of let-7 by transfection of let-7 precursor molecules resulted in the suppression of cell proliferation (8) .
miR-379 is located on the human chromosome region 14q32 and forms a large cluster with other miRs (10) . Accumulating evidence indicated that miR-379 serves a tumor-suppressive role in several tumors, including bladder cancer (11) , osteosarcoma (12) and melanoma (10) . In addition, restoration of miR-379 significantly weakens the cell proliferation by modulating Cyclin B1 in breast cancer cells (13) . However, the expression profile of miR-379 in NPC, as well as its role in this tumor has not yet been identified.
Tumor protein D52 (TPD52), contains a small coiled-coil motif and mapping to chromosome 8q21 (14) . It was first identified in human breast carcinoma though amplification (15) . Accumulating evidence revealed that TPD52 served oncogenic roles in tumor growth, metastasis and maintenance (16) . Loss of TPD52 function has been demonstrated to be associated with decreased proliferation and colony formation in glioma (17) and liver cancer cells (18) . Furthermore, TPD52 was observed to be regulated by specific miRs implicated in cancer progression, including miR-224 (19) , miR-218 (20) and miR-34a (21) . In particular, miR-224 attenuated prostate cancer cell migration and invasion via targeting TPD52 (22) . In addition, miR-218 mediated the suppression of proliferation and induction of apoptosis though repression of TPD52 in prostate cancer (23) . These findings suggest that TPD52 serves oncogenic roles in tumor growth, metastasis and maintenance, is regulated by specific miRs and is involved in various types of cancer. Thus, it is hypothesized that there may be a close association between miR-379 and TPD52 in NPC.
Therefore, the present study initially characterized the miR-379 expression profile and its biological function in NPC specimens and cells. The effects of miR-379 overexpression on cell proliferation, migration and invasion phenotypes were further investigated in the two NPC cell lines. Furthermore, it was investigated whether TPD52 was a direct target of miR-379 in NPC. Investigation of the functional relevance of miR-379 in NPC and targeting of TPD52 will provide a deeper understanding of the tumorigenesis and metastasis of NPC.
Materials and methods
Tissue collection. A total 30 pairs of NPC specimens (age range, 38-56; mean age, 44.3, including 18 males and 12 females) and the corresponding adjacent non-tumor nasopharyngeal epithelial tissues were collected from patients, who had not received any radiotherapy or chemotherapy treatment prior to biopsy at Jiangsu Taizhou People's Hospital (Taizhou, China) between March 2014 and May 2016. All samples were reviewed by pathologists to confirm the diagnosis. The clinicopathological information of these patients is listed in Table I . The clinical stage was defined based on the International Union Against Cancer (24) . All patients provided written informed consent for the use of clinical materials, and the current study was approved by the Institutional Ethics Committee at Jiangsu Taizhou People's Hospital.
Cell culture. The human NPC cell lines, C666-1 (cat. no. ZY-H275), 5-8F (cat. no. FS-0140) and SUNE1 (cat. no. AM-456; all American Type Culture Collection, Manassas, VA, USA), were cultured in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS). The immortalized nonmalignant human nasopharyngeal epithelial cell line NP69 was kindly provided by Professor Kaitai Yao from Southern Medical University (Guangzhou, China) and cultured in keratinocyte-serum free medium (Invitrogen; Thermo Fisher Scientific, Inc.) containing bovine pituitary extract (BD Biosciences, San Jose, CA, USA). All cell lines were maintained in a humidified incubator containing 5% CO 2 at 37˚C.
Oligonucleotides and cell transfection. The miR-379 mimics (5'-UGG UAG ACU AUG GAA CGU AGG-3'; cat. no. 31263570), small interfering RNA for TPD52 (siTPD52: 5'-UUC UCC GAA CGU GUC ACG UTT-3'; cat. no. 31635420) and their corresponding negative controls [NC mimics (5'-GUG GAU UUU CCU CUA UGA UUU-3') and NC siRNA (5'-UUC UCC GAA CGU GUC ACG UTT-3')] were chemically synthesized by GenePharma Co., Ltd. (Shanghai, China). For cell transfection, C666-1 and 5-8F cells in the logarithmic growth phase were cultured in a 24-well plate at a density of 2x10 5 cells/well, and directly prepared transfection complexes were added using the Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. After 48 h of transfection at 37˚C, the cells were collected for subsequent experiments.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) from the tumor tissues or cells, according to the manufacturer's protocol. An ultraviolet spectrophotometer was used to determine the purity and concentration of the extracted RNA. Complementary DNA was synthesized using M-MLV reverse transcriptase (Promega Corp., Madison, WI, USA). The expression levels of miR-379 were determined using Platinum SYBR Green qPCR SuperMix-UDG reagents (Invitrogen; Thermo Fisher Scientific, Inc.). In addition, the expression levels of TPD52 were measured using the Platinum SYBR Green qPCR SuperMix-UDG reagent (Invitrogen; Thermo Fisher Scientific, Inc.). All qPCR reactions were performed on the 7500 Fast System Real-Time PCR cycler (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 94˚C for 2 min, followed by 40 cycles of 94˚C for 20 sec, 58˚C for 20 sec and 72˚C for 20 sec. The primers used for PCR amplifications were as follows: miR-379 forward, 5'-GCT ACA TGA TAC AGT GCA AA-3', and reverse, 5'-AGT TTG CTT GAT CCC TCT TCA G-3'; TPD52 forward, 5'-AAC AGA ACA TTG CCA AAG GGT G-3', and reverse, 5'-TGA CTG AGC CAA CAG ACG AAA-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3', and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'; GAPDH forward, 5'-TGT TCG TCA TGG GTG TGA AC-3', and reverse: 5'-ATGGCATGGACTGTGGTCAT-3'. U6 or GAPDH was used as normalization controls for the determination of the miR-379 or TPD52 mRNA expression, respectively. Three replicates of each sample were prepared and run three times. The results were analyzed using the 2 -ΔΔCq method (25) .
Western blot analysis. Treated cells were washed with phosphate-buffered saline (PBS) and lysed in lysis radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). Lysates were then centrifuged for 10 min at 7,043.4 x g at 4˚C, the supernatants were collected, and the protein concentration was quantified using the Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Aliquots of 20 µg protein were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Subsequent to washing with Tris-buffered saline (TBS), the membranes were blocked with TBS containing 5% skim milk and incubated with specific anti-TPD52 Cell proliferation and colony formation assays. Cell proliferation in vitro was determined using an MTT assay following the manufacturer's protocol. Briefly, transfected cells were seeded into 96-well plates (2x10 3 cells/well), and then 100 µl sterile MTT was added to each group every 24 h for consecutive 4 days. After incubation for 4 h at 37˚C, the formazan crystals were dissolved with dimethylsulfoxide and the absorbance of each well at 595 nm was measured using a microplate reader.
For the colony formation assay, ~500 cells were seeded into each well of 6-well plates and incubated for 14 days at 37˚C. Subsequently, the cells were washed twice with PBS, fixed in 70% ethanol and stained with 1% crystal violet solution for 30 min at room temperature. Colonies containing >50 cells were photographed and counted using a light microscope at a magnification of x400.
Cell migration and invasion assay. Cell migration and invasion assays were performed using a Costar Transwell Assay kit (cat. no. 3422; Corning Inc., Corning, NY, USA) and invasion chambers (cat. no. 354480; BD Biosciences) pre-coated with Matrigel, respectively. For cell migration, 1x10 5 transfected cells in 100 µl FBS-free medium were plated in the upper chamber and 500 µl medium containing FBS was added to the lower wells as a chemoattractant. After 24 h of incubation at 37˚C, cells that had migrated from the upper to the lower chamber were then stained with 0.1% crystal violet for 15 min and air dried. Finally, the stained cells were photographed and counted using a light microscope. The cell invasion assay was performed according to the procedure of the cell migration assay, however, the invasion chambers used were pre-coated with Matrigel (BD Biosciences). Three replicates of each sample were prepared and run three times.
Prediction of miR-379 target genes. The potential downstream targets of miR-379 were predicted using TargetScan (http://www.target-scanorg/index.html), miRanda (http://www.microrna.org/microrna/home.do) and PicTar (http://pictar.mdc-berlin.de). Genes that were predicted by all three databases were considered as potential targets. TPD52, one of the identified targets, was selected for further analysis.
Dual-luciferase reporter assay. The pGL3-TPD52 3'-untranslated region (3'UTR) wild-type (WT) and pGL3-TPD52 3'UTR mutant (MUT) luciferase plasmids (GenePharma Co., Ltd.) were used in dual-luciferase reporter assay. Briefly, cells were seeded in 12-well plates at a density of 2x10 5 cells/well and transfected with miR-379 mimics or NC, and co-transfected with WT or MUT using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). At 48 h after transfection, the luciferase activity was measured using a Dual-Luciferase Reporter Assay kit (Promega Corp.) according to the manufacturer's protocol. The firefly luciferase activity was normalized to the Renilla luciferase activity. Three replicates of each sample were prepared and run three times.
Statistical analysis. Data are presented as the mean ± standard deviation, and analyzed using SPSS software (version 17; SPSS, Inc., Chicago, IL, USA). Two treatment groups were compared by the unpaired Student's t-test, and P<0.05 was considered to indicate a statistically significant difference.
Results

miR-379 expression is significantly downregulated in NPC tissues and cell lines.
To investigate the functional role of miR-379 in NPC, the expression of this miR was initially analyzed in 30 pairs of NPC samples and the corresponding adjacent non-tumor nasopharyngeal epithelial tissues using RT-qPCR. As shown in Fig. 1A , the expression of miR-379 was significantly decreased in NPC tissues compared with the normal nasopharyngeal epithelial tissues (P<0.001). Subsequently, miR-379 expression in three NPC cell lines (C666-1, 5-8F and SUNE1) was examined and observed to be significantly downregulated when compared with the normal nasopharyngeal epithelial cell line NP69 (P<0.01; Fig. 1B ). These findings provided novel evidence of the downregulation of miR-379 in human NPC clinical specimens and cell lines.
Elevated miR-379 inhibits the NPC cell proliferation and colony formation in vitro.
Since reduced expression of miR-379 was observed in NPC cells, the study then investigated whether restoration of miR-379 expression was capable of inhibiting NPC cell growth. The C666-1 and 5-8F NPC cell lines presented the lowest expression of miR-379, and thus were selected for the gain-of-function assays. C666-1 and 5-8F NPC cells were first transfected with miR-379 mimics or NC, and the induced miR-379 expression upregulation was confirmed by RT-qPCR in these two cell lines ( Fig. 2A; P<0.001) . Using an MTT assay as a measure of cell proliferation, it was observed that the elevated miR-379 expression suppressed the mimic-transfected C666-1 and 5-8F cell proliferation when compared with that of the scramble-infected cells ( Fig. 2B; P<0 .05). Consistently, the colony formation assay also indicated that upregulation of miR-379 inhibited the colony formation ability in the C666-1 and 5-8F cells (P<0.01 and P<0.001, respectively; Fig. 2C ).
Elevated miR-379 suppresses NPC cell migration and invasion in vitro.
The effect of miR-379 on the NPC cell migration and invasion ability was next examined using transwell migration and Matrigel invasion assays, respectively. As shown in Fig. 3A , when transfected with miR-379 mimics, the cell migration ability of C666-1 and 5-8F cells was significantly reduced (P<0.05 and P<0.01, respectively). The capacity for invasion was also evidently reduced in the two cell lines transfected with miR-379 mimics (P<0.01 and P<0.05, respectively; Fig. 3B ). These results suggest that miR-379 was able to markedly suppress the in vitro migration and invasion of NPC cells.
miR-379 directly targets TPD52 in NPC cells.
To explore the mechanism underlying the effect of miR-379 on the cell proliferation, migration and invasion, bioinformatics tools were used to search for potential targets of miR-379. Among various targets, TPD52 was focused on since it is involved in cancer oncogenesis and metastasis. TargetScan prediction revealed that the 3'UTR of TPD52 contains a conserved binding site for miR-379 (Fig. 4A) . Subsequently, the dual-luciferase reporter assay demonstrated that TPD52 is a target gene of miR-379 in C666-1 and 5-8F cells, which was confirmed by the markedly reduced luciferase assay in the mimic and WT co-transfected cells (P<0.05; Fig. 4B ). Furthermore, RT-qPCR (P<0.05; Fig. 4C ) and western blot analysis (Fig. 4D ) demonstrated that overexpression of miR-379 inhibited the transcription of TPD52 gene and the expression of TPD52 protein. Overall, these results confirmed that TPD52 is a target gene of miR-379 in NPC cells.
Knockdown of TPD52 inhibits NPC cell proliferation, migration and invasion.
To investigate the functional role of TPD52 in NPC, loss-of-function studies were performed using siTPD52 transfection. Initially, the knockdown efficiency of siTPD52 transfection was evaluated in C666-1 cells. Western blot analysis indicated that siTPD52 transfection effectively downregulated TPD52 expression in C666-1 cells (Fig. 5A) . In functional assays with MTT, it was demonstrated that cell proliferation was inhibited by transfection with siTPD52 in comparison with the NC-transfected cells (P<0.001; Fig. 5B ). In addition, knockdown of TPD52 significantly suppressed the NPC cell migration and invasion (P<0.001; Fig. 5C ).
Discussion
miR dysregulation is a common and frequent event in cancer, which drives tumorigenesis and tumor development (26) . The specific and complex pathogenesis of NPC has yet to be fully clarified (27) , and there are currently no effective treatment strategies for this tumor, particularly in patients with metastatic NPC. Therefore, investigation of differentially expressed miRs in NPC will provide an insight into the complex molecular mechanisms underlying the progression and metastasis of this disease.
To the best of our knowledge, the present study displayed for the first time that the expression of miR-379 is reduced in NPC samples and cell lines. Next, the C666-1 and 5-8F cell lines were subjected to gain-of-function studies in order to examine the biological behavior of miR-379 in NPC. The results revealed that overexpression of miR-379 significantly blocked the cancer cell proliferation, colony formation, migration and invasion. These results indicated that miR-379 exerts an anti-tumor effect on NPC growth. To date, a relatively low basal miR-379 has been observed in a variety of cancer types, including breast cancer (13) and osteosarcoma (28) . It has been demonstrated that miR-379 functions to attenuate the progression of osteosarcoma and breast cancer by targeting pyruvate dehydrogenase kinase 1 (PDK1) and Cyclin B1, respectively. However, the upregulation of miR-379 was detected in specimens of prostate cancer, which contributes to tumor bone metastasis and epithelial-mesenchymal transition (29) . Collectively, these results indicate that the distinctive expression and function of miR-379 is dependent on the cancer type. miRs function to regulate gene expression at the post-transcriptional levels by controlling of mRNA translation or degradation (30) . More than 30% of human genes are considered to be regulated by miRs (31) . Furthermore, downregulation of tumor suppressor genes, including miRs, may be linked with the upregulation of oncogenes in cancer development. TPD52 is considered as an oncogene that is overexpressed in various types of cancer, including breast cancer (32) , prostate cancer (20) and ovarian carcinoma (33) . In addition, TPD52 has been demonstrated to be regulated by specific miRs, including miR-200a (6), miR-144 (7), miR-let-7 (8) and miR-216b (9) . Thus, in the present study, it was hypothesized that TPD52 may be a target gene of miR-379 in NPC cells. The results of the current study identified that miR-379 binds directly to the TPD52 3'UTR, which suggests that TPD52 is a direct target of miR-379 in NPC. In addition, overexpression of miR-379 reduced TPD52 mRNA and protein expression levels, suggesting that miR-379 negatively regulated the TPD52 protein synthesis though degradation of the mRNA. Recently, a previous study revealed that elevated TPD52 levels may promote the migration and proliferation of prostate cancer LNCaP cells though activation of nuclear factor-κB signaling (34) . Consistently, the present study observed that the knockdown of TPD52 was able to inhibit the growth, migration and invasion of NPC cells. Thus, it was confirmed that the tumor suppressor miR-379 partially inhibited the oncogene TPD52 and, therefore, contributes to the inhibition of NPC cell growth and metastasis. However, further research is required to explore the exact molecular mechanisms of miR-379 and TPD52 in NPC. In addition, there are certain limitations in the present study, including the lack of miR-379 downregulation or TPD52 overexpression, and in vivo animal experiments, which will be investigated in further studies.
In conclusion, the current preliminary study revealed that TPD52 is a direct downstream target of miR-379. Furthermore, miR-379 resulted in the inhibition of cell proliferation, colony formation, invasion and migration, possibly by targeting TPD52 in the NPC cells. It will be valuable to understand the molecular mechanisms participating in NPC development and growth, and to provide further insight for developing novel strategies against NPC. 
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